Streptomycin does not strongly inhibit T-even phage multiplication in the streptomycin-susceptible polyauxotroph, Escherichia coli strain TH-U-. The relatively slight inhibition, observed earlier, on production of late proteins has now been studied further. The 
The limited effects of streptomycin in T-even phage infection have been described in a previous paper (11) . Such studies had been undertaken to contrast the effects of the antibiotic in a system containing a streptomycin-susceptible bacterium under conditions in which ribosomal ribonucleic acid (RNA) was or was not being synthesized. In numerous studies, we have observed that the lethal effects of the antibiotic closely paralleled the synthesis of ribosomal RNA (6, 12, 33) . The observation that streptomycin is markedly less inhibitory in T-even phage infection, which totally inhibits synthesis of ribosomal RNA, is consistent with the hypothesis of the key role of such synthesis in the mode of action of the antibiotic.
However, streptomycin does interfere somewhat with the protein-synthesizing machinery in infected cells, although late in the course of the infection. The earliest effect noted had been an apparently specific inhibition of the synthesis of phage lysozyme appearing at 30 min after addition of the phage. This raised the question of whether the antibiotic was affecting the quality of transcribed messenger RNA or the quality of translated polypeptides. Further studies to resolve these possibilities have now been carried out in a system described earlier (11) , using Escherichia coli strain T-H-U-(THU), a polyauxotroph requiring thymine, histidine, and uracil for its growth (32, 34) , and T6r+ bacteriophage. It seemed desirable to characterize the main parameters of RNA metabolism in infection and to compare various properties of the RNA syn-
T6r+-INDUCED PROTEINS IN INFECTED E. COLI
thesized in the presence of the antibiotic to that made in normal infection. No drastic changes were produced by the antibiotic on the species of phage-induced RNA appearing at early and late periods of infection, suggesting that streptomycin does not markedly affect transcription of the phage genome.
We have also studied in some detail the in vivo translation of this RNA into protein. In pursuing this aspect, we have examined the time and quantity of synthesis of the numerous phageinduced proteins in the presence of the antibiotic, particularly at later intervals. It was found that inhibition of protein synthesis took place later in infection that it does in the uninfected bacterium. In the former, also, the synthesis of some proteins was affected more than others. Nevertheless, no proteins of altered properties were detected by gel electrophoresis, suggesting that the observed inhibitions of synthesis did not reflect major errors of translation. Finally, studies with the electron microscope demonstrated that the antibiotic did not markedly inhibit processes of assembly.
MATERIALS AND METHODS
Chemicals. Uracil-2-'4C and L-histidine-2-(ring)-14C were obtained from Calbiochem, Los Angeles, Calif. Carrier-free 32P-labeled inorganic orthophosphate was obtained from E. R. Squibb & Sons, New York, N.Y. Uniformly labeled 14C-L-leucine (specific activity >200 Mc/,mole) was purchased from New England Nuclear Corp., Boston, Mass. Streptomycin sulfate was purchased from the Nutritional Biochemicals Corp., Cleveland, Ohio. Sodium dodecyl sulfate was a product of E. I. du Pont de Nemours & Co., Inc., Wilmington, Del., and was recrystallized twice from hot water. Ribonuclease-free deoxyribonuclease and pancreatic ribonuclease were purchased from Worthington Biochemical Corp., Freehold, N.J. Liquified phenol (analytical reagent), obtained from Mallinckrodt Chemical Works, St. Louis, Mo., was distilled on the same day it was to be used. Dowex-50-H+, designated A6 50W-X8, 200 to 400 mesh, was obtained from Calbiochem. The resin was regenerated with 2 N HCI. Sephadex G-25, coarse grade, was a product of Pharmacia Fine Chemicals, Inc., New Market, N.J. Amberlite IR-120 (analytical reagent) was obtained from Mallinckrodt; 1 M NaCl was used as a regenerant. Chemical ingredients for disc-gel electrophoresis were obtained from Canal Industrial Co., Rockville, Md. as a "Chemical Ingredient Pack" (catalog no. 200A).
Bacteria and phage. E. coli THU is a colicin-resistant polyauxotrophic mutant derived from strain 15H-that requires thymine, histidine, and uracil for its growth. The growth and various properties of the organism and the phosphate-rich synthetic medium and supplements used for its growth have been described (32, 34) . In this synthetic medium, supplemented with 20 jug of L-arginine, 10 ,ug uracil, and 2 jug thymine per ml, E. coli THU has a mass doubling time of 110 min. This mass doubling time can be decreased by 30 min by increasing the concentration of thymine to 10 Mug/ml. THU was therefore routinely grown from the overnight culture with 10 ,g of thymine per ml, but infection experiments were performed at 2,Mg/ml.
The experiments were performed with T6r+ bacteriophage. The preparation of phage stocks, as well as the conditions for infection used in the presence of the antibiotic, have been described previously (11) .
The phosphate-rich synthetic medium was used throughout these studies, with the exception of experiments involving 32p labeling of the cells. In the latter instance, a mineral medium containing tris (hydroxymethyl)aminomethane (Tris) as the buffer was used (9) . This medium was also supplemented with the amounts of the required amino acid and bases used in other synthetic media. The mass doubling times of E. coli THU are approximately the same in the phosphate-rich and phosphate-poor media. The effect of streptomycin on the phage-infected system was also defined in the Tris medium. As with the uninfected bacteria (12, 33) , streptomycin was found to be far more effective in such a medium. Deoxyribonucleic acid (DNA) synthesis was measured at different concentrations of streptomycin, as was incorporation of histidine into trichloroacetic acid-precipitable material and synthesis of lysozyme in streptomycin-treated cells. A streptomycin concentration of 5 ,ug/ml in the Tris medium produced effects comparable to 60,ug/ml in the phosphate-rich medium. The fragility of the streptomycin-treated infected cells was slightly increased in the Tris medium, compared to that in medium rich in phosphate. In the latter medium, lysis in the cultures containing streptomycin is not observed until 90 min; in the Tris medium, the beginning of lysis can be observed at 60 min. Otherwise, the behavior of the system was comparable in the two media. As seen earlier with the uninfected bacterium (12, 33) , phosphate ion had a strong protective effect against the action of streptomycin.
Preparation ofphage-induced RNA. Phage-induced RNA was labeled with uracil-2-14C. The Marmur (24) . The final precipitate was also dissolved in the chloride-citrate buffer.
The DNA samples were denatured by treating the solution with alkali. The solution was made 0.1 N NaOH at a DNA concentration of 100 ,ug/ml and incubated at room temperature for 10 min, followed by careful neutralization with HCI (13) .
Hybridization technique. Hybridization was performed as described by Nygaard and Hall (27) (29) . Dihydrofolate reductase activity was followed according to a modification of the method of Osborn and Huennekens (28), as described by Mathews (23) .
Electron miscroscopy. Samples of bacterial suspensions were fixed with 1% osmium tetroxide in a buffered salt solution, as described by Kellenberger et al. (17) . After fixation at 2 C for 16 hr, the samples were washed in buffer, embedded in 2% agar, and postfixed with 0.5% uranyl acetate at pH 5 for 1 hr, essentially as described by Kellenberger et al. (17) . The samples were dehydrated in a graded series of ethyl alcohol and embedded in Araldite (International Chemical and Nuclear Corp., City of Industry, Calif.).
Sections were cut with a Porter-Blum MT-2 ultramicrotome, stained with lead citrate (31) , and examined with a Siemens Elmiskop Ta electron microscope at 80,000 kv.
RESULTS
Base ratios ofphage-induced RNA. The pattern of incorporation of uracil into RNA in infected cells in a complete medium is essentially unchanged for 10 min by the presence of streptomycin. After 10 min, incorporation of uracil into nucleic acid is inhibited about 20% by the antibiotic (11). We followed the base ratio of phage-induced RNA in infected E. coli THU over a period of 90 min, in control and streptomycin-treated cultures. The experiment was performed in the phosphate-rich synthetic medium. Bacterial cultures, at 2 X 108 cells per ml, were resuspended in mineral medium containing thymine and histidine but lacking uracil. After 16 min of starvation, one culture received uracil-2-'4C (10 ,uc/,umole; 10 ,tg/ml) 1 min after phage was added; another culture received radioactive uracil plus streptomycin (60 Ag/ml).
Samples were taken at various intervals and processed as described above.
The base ratios (UMP/CMP) of the trichloroacetic acid-precipitable material present at the indicated times were determined. The base ratios estimated in these systems may not accurately reflect the base ratio of the active phage-induced RNA at any given time, because UMP and CMP are being reutilized as a result of the high rate of turnover of the messenger RNA species. Furthermore, the base ratios of all trichloroacetic acidprecipitable radioactive material is measured by this method, so that small polynucleotides that are precipitable by trichloroacetic acid but are no longer active messengers would, nevertheless, contribute to the ratios measured. This ratio in phage-induced RNA (Table 1) earlier by Volkin (36). Volkin's experiments were, however, performed with samples incorporating radioactive precursors from 2 to 12 min after infection. Only these points in that interval are fully comparable to our experiments. The same pattern of change of the ratio of UMP to CMP is observed in the infected culture treated with the antibiotic. No gross differences, within the limitations of the method, were detected over the whole period of infection, suggesting that the pattern of change of the base composition of the phage-induced RNA determined in this way was not affected by streptomycin.
Size distribution of phage-induced RNA. Although differences were not detected in the base composition of the phage-induced RNA produced in the presence or absence of streptomycin, the possibility existed that the antibiotic might affect the size distribution of the RNA synthesized. A late period of infection, between 20 and 30 min, was chosen in investigating this possibility. This extended pulse was performed in the phosphaterich medium. Bacteria were harvested at a concentration of 2 x 108 cells per ml, washed, and resuspended in the complete medium in two different vessels. The initial uracil concentration in this medium was 0.01 ,mole/ml. At 1 min after infection, one of the cultures received streptomycin (60 ,ug/ml); 19 min later, 0.01 ,umole of '4C-uracil (20 Mc/MAmole) per ml was added to both cultures and incubation was continued for 10 more min. At the end of the incubation period, 20-ml cultures were poured into 500 ml of cold carrier cells and the mixtures were harvested. RNA samples were obtained as described above. Figure 1 shows the size distribution of the RNA centrifuged through a 4 to 20% sucrose gradient synthesized during the 10-min pulse. pended at a concentration of 2 X 108 cells per ml in the phosphate-rich medium. This medium lacked uracil for the experiment when an early pulse was given and contained 0.01 ,umole of uracil per ml for the experiment with the late pulse. Streptomycin (60 ,umole/ml) was added to the experimental vessels 1 min after infection. The early pulse was performed with radioactive uracil of a specific activity of 23 MAc/,smole and added to a final concentration of 0.01 ,umole/ml at 3 to 6 min after infection. The specific activity of the radioactive uracil used for the late pulse was 31 ,uc/,umole and 0.01 ,umole/ml was added to each of the experimental vessels at 28 to 31 min after infection. The number of bacterial survivors was 1.3 % of the initial value for the early pulse measured at 5 min after infection and 0.3% for the late pulse measured at 25 min after infection. Competition experiments were also performed with labeled "early" control RNA against unlabeled control RNA and labeled control RNA against unlabeled streptomycin RNA samples. Both samples of "early" unlabeled RNA competed equally well with "early" labeled control RNA (Fig. 3) .
The experiments performed with "late" RNA samples and similar concentrations of reactants as those used for the early samples yielded very high blanks (RNA annealed without added DNA), which made the detection of the formed hybrids very difficult. Another problem encountered was the lower specific activity of the "late" messenger RNA. Competition experiments were performed under somewhat different concentrations of reactants (Fig. 4) . Again, the abilities of both "late" RNA samples to compete with "late" control RNA sample for sites in the denatured DNA substrate were substantially the same.
An additional experiment was performed, under similar concentrations of reactants, with the "early" samples, i.e., 10 pg of denatured T6r+ DNA and 2.7 pg (4,200 counts/min) of "early" control RNA versus increasing concentrations of "early" unlabeled RNA made in the presence or absence of streptomycin. No differences between the samples were observed in this study.
The equal ability of both control and streptomycin RNA to compete suggests that all the different kinds of messenger RNA present in the controls are also present in the streptomycin proteins accounted for this to some extent. In preparation for experiments on the labeling of early and late proteins by "4C-leucine, we studied the incorporation of this amino acid into infected cells in the presence or absence of str"ptomycin in the phosphate-rich medium. l4C-leucine (20 ,g/ml) was added to the control culture 1 min after infection; another culture received leucine plus 60 ,ug of streptomycin per ml. In contrast to the result with histidine, incorporation of leucine in the control culture was maintained at a linear rate until at least 60 min after infection. Inhibition of the total uptake of 14C-leucine by streptomycin was only 22 % at that time. Protein synthesis, measured by histidine or leucine uptake, was only slightly affected by the antibiotic. In contrast, in the uninfected bacteria, a very extensive inhibition of protein synthesis (at least 80 to 90%) was observed at 20 min after addition of the antibiotic, a time at which lethality can first be detected.
Pulse experiments showed that, after 40 min in the presence of streptomycin, leucine incorporation was inhibited about 50%. The inhibition in infected cells thus develops more slowly and is far less complete than in the infected cell.
All these experiments were performed with concentrations of the antibiotic that were lethal to this streptomycin-sensitive bacterium (12) . The bacterium is, therefore, readily penetrable by the antibiotic. Lethality develops after a short lag; this lag is extended in the absence of a required amino acid.
We attempted to determine whether these lags relate to a permeability barrier for streptomycin. It has been shown that the permeability of E. coli can be modified by an ethylenediaminetetraacetate-Tris treatment of the bacterial culture. Under these conditions, we were able to demonstrate that, in the absence of protein synthesis, the lag in lethality and stimulation of RNA (12) is markedly diminished. In infection, streptomycin produces an immediate slight, but significant, increase in uracil uptake as compared to the control (11). However, ethylenediaminetetraacetate-Tris-treated infected cells did not show further stimulation of uracil uptake beyond the previously reported values. This experiment suggests that streptomycin penetrates the infected cells at least as readily as the uninfected cells; infection has already diminished the permeability barrier, as has been described in many previous studies.
Electrophoretic mobilities of proteins synthesized during infection. Electrophoretic mobilities of the proteins synthesized after infection were studied. These experiments were performed in the phosphate-rich medium; 60 ,.tg of streptomycin per ml was added at 1 min after infection to half of the experimental vessels. Infected cultures were pulse-labeled with '4C-leucine (0.2 luc/ml, 0.1 ,ug/ml) for 2 min at different intervals. The intervals selected were: from 7 to 9 min, 19 to 21 min, 29 to 31 min, 39 to 41 min, and 49 to 51 min after addition of the phage. The pulses were terminated by pouring the cells onto crushed frozen medium. After centrifugation, the cells were washed with 0.01 M Tris buffer (pH 8.0) containing 10-3M MgCl2, and frozen. After thawing, the pellets were resuspended to a volume of 2 ml with the same buffer and disrupted by treatment with a Raytheon sonic oscillator for 10 min. Unbroken cells and debris were removed by centrifugation at 2,000 x g for 30 min, followed by high-speed centrifugation (150,000 x g) for 2 hr to separate ribosomes. The supernatants fluids thus obtained were analyzed by disc-gel electrophoresis. Figure 5 shows the patterns obtained after the gels were stained with aniline blue-black. No differences were detected by the staining technique; only one band (at the lower end of the gel) appeared and became more marked during the course of infection. This band also appeared in the samples treated with streptomycin. Similar patterns were obtained with extracts of cells harvested at 41 and 51 min after infection.
Autoradiography was performed in samples pulse-labeled during any of the five periods. Figure 6 shows the autoradiographic patterns of samples labeled from 7 to 9 min, 19 to 21 min, and 29 to 31 min after infection. The newly synthesized band, detected by staining at 21 min after infection, was seen by autoradiography of samples labeled between 7 and 9 min after infection. The early pattern (7 to 9 min) was qualitatively and quantitatively different from the late patterns. Nevertheless, no qualitative differences between the control and the samples treated with the streptomycin were observed at any time after infection. No shift of the position of any bands was detected for any of the five different periods tested, although the inhibition of incorporation of radioactive leucine was more marked as infection proceeded. Figure 7 shows the results of microdensitometry performed on the autoradiographic patterns of pulses from 7 to 9 min and 19 to 21 min.
Very slight quantitative differences were detected with the early pulse; these become more marked with the pulse between 19 and 21 min. Microdensitometry from samples pulse-labeled at 30 and 40 min (Fig. 8) trophoresis of pulse-labeled soluble proteins of T6r+- infected E. coli. Cells received 2-mmn pulses of '4C_ leucine at the indicated times. C, control infected cultures; S, inifected cultures in the presence of'streptomycin (60 pAg/mI).
was not uniform. Some protein bands were more seriously decreased than others and some were even undetectable at late times of infection. Table 3 presents a comparison of the expected incorporation of leucine during the 2-mmn pulses calculated from the results of total uptake of the amino acid during infection, the radioactivity incorporated by the different samples during those short intervals, and the actual areas measured under the microdensitometer tracings. FIG. 7 . Microdensitometer tracings of autoradiographic patterns from disc electrophoresis of soluble proteins ofinfected E. coli. Phage-inducedproteins were pulse-labeled with radioactive leucine from 7 to 9 min and 19 to 21 min after infection. The arrows indicated stained protein bands, used as markers. Band I is a phage-induced protein appearing in the course of infection. The top of the separating gel is at the left. C, control infected cultures; S, cells infected in the presence ofstreptomycin (60 ,ug/ml).
There is a close correlation between the three values at any of the five periods. Therefore, the leucine incorporated in the samples treated with streptomycin seems to be incorporated into normal phage-induced proteins.
No gross misreading revealed by the appearance of new bands or changes in the mobility of the different proteins could be detected at any time of infection. More marked effects on the production of some specific proteins were readily seen at late periods.
Electron microscopic studies. Cells harvested at different times after normal infection were compared to cells infected in the presence of the antibiotic. At 30 min after infection, control cells contained condensed phage (Fig. 9a) . Streptomycin samples also showed such particles, although these were somewhat less in number (Fig. lOa) . At 60 and 90 min after infection, the difference in numbers of intracellular phage particles were even higher between control (Fig.  9b, c) and streptomycin-treated samples (Fig.  lOb, c) . Nevertheless, condensation and packaging of phage DNA clearly took place in cells infected in the presence of the antibiotic. The pool of DNA observed at 60 and 90 min after infection (Fig. 11) or preser , , the antibiotic. In particular, it was observed that "marginal vacuoles" (18) appear at 8 min after infection (Fig. 1lb) , even with streptomycin present (Fig. 12b) . Unlike the effect of the antibiotic on bacterial DNA in uninfected cells (Fig. 13a) , the DNA pool in infected cells (Fig.   10) is not contracted and rounded, nor does it )w l l contain the dense globular structures described in the following section. Inability of cells pretreated with streptomycin to support virus multiplication. No drastic effects 3 2 were observed when cells were infected in the presence of streptomycin. Electron microscopy has shown that the nucleoids of bacteria killed by the antibiotic are greatly contracted to a central position within the cell, and the DNA strands frequently appear to be wrapped around dense globular material, presumably containing clumped ribosomal structures (Fig. 13a) . The synthesis of ribosomal RNA has been correlated gs of autoradio-with the expression of lethality (6, 12, 33) (Fig. I lb) . However, evidence of beginning condensation ofphage is less apparent in streptomycin-treated cells (Fig. 12c) than in control cells (Fig. llc) . nucleoids of such cells did not unravel during tomycin during protein synthesis "freezes" the infection (Fig. 13b) Specific phage-induced enzymes were also measured in this system (Fig. 14) . When cells were still 90% viable, only 6% of dCMP hydroxymethylase and about 10 % of the dihydrofolate reductase activity were detected. Synthesis of both enzymes fell to less than 2% of the control levels, when viability was still 22% of the control. Thus, loss of the ability to express phage functions is a more sensitive measure of exposure to streptomycin than is the ability to multiply. DIscussIoN The effects of streptomycin on phage-induced synthesis of RNA and of proteins, reported earlier (11), have been described in greater detail in this paper.
Studies of base composition, size distribution in sucrose gradients, and hybridizing properties of virus-induced RNA found in infected cells in the presence of streptomycin at different times of infection suggest that no gross changes are produced by the antibiotic. Also, the time of appearance of the different classes of phageinduced RNA does not seem to be seriously affected, as indicated by the change in the UMP/ CMP ratios, in both streptomycin-treated and control cultures. The size distribution of the '4C-RNA formed in the long pulse failed to show any continuing synthesis of ribosomal RNA in the presence of this antibiotic. The similarity of the profiles of radioactive RNA formed in the short pulse, as well as in the hybridization studies, suggests that the different classes of phage-induced RNA are present in the same proportions in both samples. Therefore, streptomycin, when added to an infected culture, does not seem to be drastically affecting the transcription of viral DNA to virus-induced RNA. In this respect, it has also been shown that active viral RNA can be synthesized in the presence of the antibiotic by a bacterium infected with an RNA phage (4 (14, 20, 35) , clear evidence for streptomycin producing missense is still lacking. The production of material serologically similar to ,B-galactosidase has been reported in cultures in which synthesis of ,B-galactosidase is stopped before the bulk of other proteins has been synthesized (2). Nevertheless, the possibility of an influence on configuration of the nascent enzyme was not excluded in that study. The existence of a suppression mechanism does not require a massive misreading phenomenon, and the presence of a high concentration of aberrant proteins synthesized in vivo in the presence of streptomycin has not yet been described. The miscoding effect of streptomycin seems to be much more drastic in vitro than in vivo (7) . Indeed, this has recently been ascribed to an artifact of the system, namely, the presence of single-stranded DNA in the crude extracts usually tested (21) .
It appears, therefore, that the striking in vivo effects of streptomycin in inhibiting and distorting protein synthesis at the ribosomes in growing bacteria are much delayed events in infected bacteria. Indeed, the antibiotic may be said to lack a drastic effect on T-even phage multiplication. The pathological rounded nucleoid containing DNA wrapped around dense inclusions, characteristic of streptomycin-killed cells, is not generated in the infected bacterium, despite the presence of an extensive DNA pool in the latter.
Among the major differences in the physiology of the two systems is the absence of production of ribosomal RNA in infected bacteria, and it is tempting to think, therefore, that it is precisely this stimulated function (12, 33) that is essential to the rapid inhibition of protein synthesis and the generation of a pathological nucleoid in uninfected bacteria. As noted earlier, the stimulation of such synthesis in stringent bacteria in the absence of an amino acid (33) or the already stimulated synthesis in relaxed bacteria (6) correlated very well with the development of lethality produced by the antibiotic. These effects on synthesis of ribosomal RNA appear to have been mediated through aberrations of polyamine metabolism provoked in stringent bacteria by the antibiotic (30) or established via genetic control in the relaxed organism (6) . In any case, the relative lack of effect of the antibiotic in T-even phage infection is consistent with our previous studies and hypothesis which emphasized the requirement for synthesis of ribosomal RNA in the development of the severe irreversible pattern of inhibition designated as "lethality."
We were surprised to find that cells pretreated with the antibiotic in the absence of amino acid are prevented from developing phage functions, even though the cells were not yet killed. It is possible that this result is trivial, since it may merely arise from an inability of the phage to transfer its genome through a streptomycincoated structure of the pretreated cells. On the other hand, it is possible that exploration of this phenomenon may provide clues as to the nature of the cellular structures essential to the initiation of virus multiplication. In addition, it may be asked whether the synthesis of ribosomal RNA initiated by treatment with streptomycin in the absence of histidine is arrested by infection.
